This paper presents a novel method to fabricate a normally open micro pneumatic valve in rigid poly(methyl methacrylate) (PMMA) chips. The control and fluid substrates of the valve were prepared with PMMA sheets via hot embossing. After both control and fluid substrates were silanized with 3-aminopropyltriethoxysilane and treated with glow discharge plasma, each of them was irreversibly bonded to a plasma-treated PDMS membrane, forming a control half or a fluid half. Relying on the native adhesive force of the PDMS membrane, the control half and fluid half were then reversibly sealed to form a full microchip with the four-layer structure of PMMA-PDMA · · · PDMS-PMMA. The irreversible bonding between rigid PMMA substrate and elastic PDMS membrane in combination with the reversible sealing between the control half and fluid half not only eases the difficulties in chip bonding, but also allows the control half and fluid half to be replaced individually in routine analyses. The performance of the developed micro pneumatic valves was characterized, and potential applications of the valves in droplet generation and micro flow injection analysis were demonstrated.
Introduction
Manipulation of microfluids is the fundamental issue of labon-chip systems. Various on-chip-integrated microvalves such as pneumatic valve, magnetic valve, piezoelectric valve and phase change valve have been developed to manipulate fluids, and have been reviewed (Oh Ahn 2006) . Among them, micro pneumatic valve has been the most widely used one since the pioneer work of Quake's group (Unger et al 2000 , Thorsen et al 2002 , Studer et al 2004 . In the prototype of the pneumatic valve developed by Quake's group, two PDMS layers with 2 Author to whom any correspondence should be addressed. fluid and control channels were irreversibly bonded together in a crossed architecture. The bonded structure was then sealed to a flat glass substrate to form a normally open pneumatic valve. When gas pressure was applied to the control channel, the thin PDMS membrane at the cross region was deflected into the fluid channel to pinch off fluids. This type of normally open pneumatic valves feature small dead volume and footprint, consequently, easy to be densely integrated on microchips. Mathies and coworkers reported a normally closed PDMS diaphragm valve on glass chips (Grover et al 2003) . The microvalve was formed by sandwiching a PDMS membrane between two glass substrates, one control substrate and the other fluid substrate. The control substrate had a displacement chamber for controlling gas and the fluid substrate possessed a barrier spacer that separated an otherwise continuous channel. Applying a vacuum to the displacement chamber of the control substrate pulled away PDMS membrane from the barrier spacer of the fluid substrate to open the valve, while applying a low pressure pushed the membrane back to the barrier spacer and effectively closed the valve. The advantage of Mathies's normally closed valve lies in that a relatively lower pressure of the controlling gas is required to actuate the valve. Regardless of the working principles, most of the on-chip-integrated pneumatic microvalves are fabricated as a monolithic chip via irreversibly bonding. If the micro chip is used as a disposable device, the whole chip should be replaced by a new one sample by sample. As a result, the controlling gas lines and fluid delivering capillaries had to be frequently disconnected from and connected to the chips. This operation process is time and labor consuming, and it enhances the risk of gas and/or fluid leakages occurring at the tubing-to-chip joints.
Microchips fabricated with polymers are advantageous because they are less expensive than glass and not as fragile as glass, and facile to be mass produced with either casting or embossing technology outside a clean-room environment. Thus, polymer-based microfluidic chips are most suitable for disposable usages (Soper et al 2000 , Becker and Locascio 2002 , Sun and Kwok 2006 . Among the variety of polymers used to fabricate polymeric chips, PDMS is the most popularly used one due to its optically transparent, bio-compatible and facile manufacturability. Moreover, its excellent elasticity makes it a preferable material for actuating membrane of pneumatic valves and pumps. However, the elastic property of PDMS renders the microfluidic chips composed of full PDMS less reliable during operation. PMMA has also been widely used to fabricate polymeric chips due to that it is mechanically rigid, optical transparent in UV and visible ranges, least hydrophobic among the common plastic materials, less adsorptive and solvent swelling and cost effective (Shadpour et al 2006) . When membranebased pneumatic microvalves or micropumps need to be integrated into polymer chips, the hybrid chip architecture where PMMA or other thermoplastic polymers serve as the control and fluid substrates while PDMS as actuating membrane is a practical choice, as it will produce a mechanically rigid chip that remains the same flexibility in manipulating fluids as full PDMS devices have. Thus, Zhang et al ( 2009) fabricated a normally closed valve with the three-layer structure of PMMA control substrate-PDMS elastic membrane-PMMA fluid substrate (abbreviated as PMMA-PDMS-PMMA). In their work, bonding between the PMMA substrate and PDMS membrane was reversible. Wang's group (Toh et al 2009) fabricated a normally open pneumatic valve on a PMMA-PDMS-PMMA chip. Bonding between the PMMA control substrate and one side of the elastic PDMS membrane was realized with the help of a double sided adhesive layer, while bonding between the PMMA fluid substrate and the other side of PDMS membrane was completed with room temperature compression after both surfaces were corona plasma treated. Recently, Fan's group (Gu et al 2011) reported a normally open pneumatic valve that was constructed by sandwiching an elastic PDMS membrane with both control and fluid substrates of thermoplastic cyclic olefin copolymer (COC). The authors presented a method for irreversible bonding of the COC films (188 μm in thickness) to PDMS membrane through silanization of COC surface with 3-(trimethoxysilyl)propyl methacrylate followed by corona plasma treatment of the silanized COC surface. All these works showed that the reliable bonding of thermoplastic substrates to PDMS membrane is the key issue in the development of the pneumatic valve with the plastic-PDMSplastic structure. Recently, several papers dealing with the techniques of bonding plastics to PDMS have been published (Vlachopoulou et al 2009 , Lee and Ram 2009 , Sunkara et al 2011 , Tang and Lee 2010 , Gu et al 2011 . A common feature of these reported techniques is the modification of the plastic surface with organofunctional silanes such as 3-aminopropyltriethoxysilane (Vlachopoulou et al 2009, Ram 2009, Sunkara et al 2011), 3-(trimethoxysilyl) propyl methacrylate (Gu et al 2011) and 3-glycidoxypropyltrimethoxysilane (Tang and Lee 2010), followed by plasma treatment of surfaces of both silanized plastic and PDMS before sealing the two layers together.
This work presents a method to fabricate a normally open pneumatic valve constructed with rigid PMMA substrates and double layers of PDMS membrane. Both the PMMA control substrate and PMMA fluid substrate were independently and irreversibly bonded to separate PDMS membranes to form a control half and a fluid half. The control half and fluid half were then reversibly sealed to form a full microchip of the fourlayer structure of PMMA-PDMA · · · PDMS-PMMA (in this specific acronym, the hyphen between PMMA and PDMS means irreversible bonding, and the dots between PDMS and PDMS means reversible sealing caused by the native adhering force of PDMS membranes). With this method, the difficulty in irreversibly bonding of two thick and rigid PMMA substrates to each side of a thin PDMS membrane was avoided. On the other hand, the reversible sealing between the control half and fluid half allows the two halves to be replaced individually. The performance of the developed pneumatic valve was characterized, and applications of the valves to generate droplets and to conduct micro flow injection analysis are demonstrated.
Experiments

Materials
PMMA sheets of 2.0 mm thickness were purchased from Jinxi Research Institute of Chemical Industry (Huludao, Liaoning, China). A Sylgard 184 silicon elastomer kit consisting of a prepolymer base and a curing agent was obtained from Dow Corning (Midland, MI, USA). 3-aminopropyltriethoxysilane (APTES) was purchased from Acros Organic (NJ, USA).
Chip fabrication
The process of chip fabrication is schematically shown in figure 1 . 
Fabrication of control and fluid substrates.
The fluid substrates were prepared with PMMA sheets via hot embossing. The positive stamp used for hot embossing was prepared with high-temperature epoxy resin by using the replica molding method (Koerner et al 2005) with some modifications. The procedure for preparation of the epoxy resin stamp with rounded relief pattern can be found in stacks.iop.org/JMM/22/085008/mmedia. PMMA fluid substrate was hot embossed by a Carver Model C manual hydraulic press (Wabash, IN, USA) equipped with heating platens. After one piece of the blank PMMA substrate (35 mm × 25 mm × 2 mm) and the epoxy resin stamp were aligned, they were sandwiched with two pieces of glass plates (40 mm × 30 mm), and the assembly was placed between the top and bottom platens of the hydraulic press. Embossing was carried out at the temperature of 110
• C. Once the heating platens reached the set temperature, a force of 200 kg, corresponding to 2.2 MPa, was applied for 3 min (figure 1(a)). After cooling down to room temperature, the pressure was released and the PMMA fluid substrate with micro channels was demolded from the stamp (figure 1(b)). Access holes through the PMMA substrate were then drilled.
The PMMA control substrates were prepared via hot embossing as the fluid substrates were except that the crosssection of control channels was not necessary to be round. Alternatively, they could be prepared with mechanical milling technique.
Fabrication of elastic membrane.
Appropriate amount of 10:1 mixture of PDMS prepolymer and curing agent was degassed in vacuum and then spin coated on a PET supporting film (100 μm in thickness) at 3000 rpm for 30 s. A PDMS membrane with thickness about 30 μm can be obtained after curing at 75
• C for 1.5 h. To facilitate bonding operation, the cured PDMS membrane should not be peeled off from the PET supporting film until the PDMS membrane was irreversibly bonded to a PMMA substrate.
Chip assembling.
Fluid-and control half-assembling. With some modifications, the previously reported technique of PMMA-surface silanization coupled with plasma-assisted low-temperature bonding (Vlachopoulou et al 2009) was adopted to irreversible bonding of PMMA substrates to elastic PDMS membranes. Briefly, the PMMA substrate with fluid channels, after being sonically cleaned in an isopropanol bath and dried in a nitrogen stream, was exposed to the UV-lights emitted from the UV-lamp (a low-pressure mercury lamp originally used as the source of ultraviolet analyzer was employed at the beginning of the work. Later, a more powerful UV surface processor (PL16-110, Sen Lights Corp., Japan) was used. In both cases, the irradiated dose of the 254 nm light was 9.0 J cm −2 ). After surface activating, the PMMA substrate was immersed in a 5% (v v −1 ) APTES aqueous solution at 80
• C for 20 min for surface silanization (figure 1(c)). After rinsed with water and dried with a nitrogen stream, the silanized-PMMA sheet and the PDMS membrane were subjected to plasma treatment. The PDMS membrane with the PET base film was first put inside the chamber of a plasma cleaner (the PDC-32G plasma cleaner, Harrick Scientific, USA), with the PDMS membrane facing up. The cleaner was turned on for 100 s at the air pressure of 27 Pa or less. Then, the silanized PMMA substrate was placed into the chamber, with the fluid channels facing up, and the plasma cleaner was turned on again for another 20 s. Immediately after the treatment, the plasma-treated PDMS membrane was carefully rolled out onto the plasmatreated PMMA surface of the fluid channel side such that the two layers were brought into conformal contact, without air bubble remained in between them ( figure 1(d) ). The plasmatreated PDMS membrane and the plasma treated, silanized PMMA fluid substrate could be irreversibly bonded once they were in contact with each other, forming a fluid half-assembly ( figure 1(e) ). The PMMA control substrate was also bonded to another PDMS membrane with the same procedure, forming the control half-assembly (figure 1( f )).
Full chip assembling. Immediately before combining the two halves, the PET supporting films covering the PDMS membranes on both halves were peeled off. The control halfassembly was laid on the fluid half-assembly, with the PDMS membranes on both halves being face to face, aligning each other, and they were pressed together with hand. Thus, the control half was reversibly sealed to the fluid half with the help of the native adhering force of the PDMS membranes, forming the full chip with the four-layer structure of PMMA-PDMS · · · PDMS-PMMA ( figure 1(g) ). When necessary, the assembled full chip could be tightened with either clips or a rigid chip holder.
Results and discussion
Design and fabrication
The basic structure of Quake's normally open pneumatic valves (Studer et al 2004) was adopted in this work due to its relatively smaller dead volume and footprint in comparison to those of Mathies's normally closed pneumatic valves (Grover et al 2003) . In order to increase the rigidity of the fabricated chips, a rigid PMMA sheet of 2 mm thickness was used in this work to prepare control and fluid substrates, and an elastic PDMS membrane was used as the actuating part of the valves. To fabricate such a pneumatic valve with the three-layer PMMA-PDMS-PMMA structure, the challenge lies in effective bonding of two rigid PMMA substrates to each side of the thin PDMS membrane. When the technique of plasma-assisted low-temperature bonding was employed to bond a PDMS membrane to a silanized PMMA sheet, irreversible bonding was initiated upon the contact of the activated surfaces. Once bonded, the PDMS membrane could not be delaminated from the PMMA sheets without damages, and air bubbles that had been trapped between the bonded PDMS and PMMA layers could hardly be removed. To prevent the air bubbles from being trapped in the interface, the activated soft PDMS membrane backed with a PET film was rolled out onto the activated silanized PMMA fluid substrate (see figure 1(d) ), so that air could be completely expelled out of the contacting part while the PDMS was gradually covered onto the PMMA surface. Nevertheless, during the process of the rigid PMMA control substrate being bonded to the PDMS surface of afore bonded PDMS-PMMA complex, air bubbles would inevitably be trapped between the control PMMA substrate and the PDMS membrane, because the rigid PMMA control substrate could not be covered onto the rigid PDMS-PMMA complex in the manner as a soft PDMS membrane was rolled out onto a rigid PMMA sheet. The air bubbles might short the adjacent control channels, leading to cross talk of controlling gas applied to these channels. To solve this problem, we designed a four-layer structure of PMMA-PDMS · · · PDMS-PMMA. With such a structure, both the fluid half and the control half are gas tight due to the irreversible bonding between the PMMA substrate and PDMS membrane. Consequently, neither fluid nor pressuredgas leakages would occur in either the fluid or control halves. When both halves were sealed via the native adhering force of the PDMS membranes, the trapped air bubbles between the two PDMS layers could be squeezed out. Such design not only avoided the troubles met in bonding two rigid PMMA sheets to each side of a thin PDMS membrane, but also provided an extra advantage to the fabricated chips, i.e. the control half and fluid half can be individually replaced. When the chips are used as the disposable ones, only the fluid half acts as the disposable part while the control half needs not to be displaced sample by sample. Thus, the gas lines linking the solenoid valves and control channels need not to be frequently connected to and disconnected from the gas ports of these disposable chips, leading to less risk of controlling gas leakage and saving operation cost and time as well. During the designing process, the three-layer structure of PMMA-PDMS · · · PMMA (i.e. PMMA fluid substrate was irreversibly bonded to the PDMS membrane while the PMMA control substrate was reversibly sealed to PMMA-PDMS fluid complex or vice versa) was also tested. Even though the PMMA-PDMS · · · PMMA three-layer structure was tightened with clamps, the contact between the rigid PMMA substrate and the thin PDMS membrane that had been previously irreversibly bonded to another rigid PMMA substrate can hardly be fully intimate, and the reversible sealing can hardly be wholly gas tight under the working pressure. As a result, the controlling gas (or fluid) leakages frequently occurred during operation and the valves failed to work properly (see stacks.iop.org/JMM/22/085008/mmedia). If a higher strengthening force were applied to keep the reversible seal being gas-tight, the PDMS membrane would be embedded into the fluid channel leading to the channel being partially blocked. In the development of a normally closed pneumatic valve of PMMA-PDMS-PMMA architecture, Zhang et al got success in reversible bonding between PMMA substrate and PDMS membrane after both were subjected to UV and ozone treatment (Zhang et al 2009) . It is noted that the gas pressure applied to open their valve was −60 kPa while that to close the valve was 25 kPa. Nevertheless, controlling gas pressure used in this work was usually 0.2 MPa.
The bonding strength was examined. The plasma-assisted irreversible bonding between the PDMS membrane and the silanized PMMA substrate can endure at least 1 MPa pressure without delamination or solution leakage. On the other hand, the reversible sealing between the control half and fluid half could endure a static pressure of 0.10 MPa applied in either the control channel or the fluid channel without delamination of the two halves. When the pressure increased to 0.20 MPa, the two halves would delaminate within 10 min. Therefore, the reversibly sealed two halves should be clamped with spring clips if the running pressure is higher than 0.1 MPa.
The channel network on both control and fluid substrates were hot embossed onto PMMA sheets with an epoxy stamp. The epoxy stamp itself was replicated from a negative PDMS daughter mold, which was prepared through soft lithography against a positive mother mold of AZ-P4620 photoresist (see stacks.iop.org/JMM/22/085008/mmedia). Despite that the fabrication process involved several replicating steps, the geometry of the final fluid channels on the embossed PMMA substrate has little distortion compared to the original photoresist mother mold. Tests also indicated that an epoxy stamp could replicate at least 30 pieces of PMMA fluid substrates without noticeable damages. 
Characterization
Three test chips with different channel width were employed to characterize the performance of the developed micro pneumatic valves. Each chip had a simple crossed channel architecture formed by the control channel and the fluid channel with equal width and depth. Based on the channel width, the valves constructed on the test chips possessed different actuating membrane areas and dead volumes, 100 μm × 100 μm actuating area and 0.15 nl dead volume for valve A, 200 μm × 200 μm and 0.60 nl for valve B and 300 μm × 300 μm and 1.35 nl for valve C. All the three chips had the same channel depth (15 μm) and channel length (1.5 cm for control channel and 2.0 cm for fluid channel). First, the water flow rate at varied fluid pressures was examined at either valve-open or valve-closed status. When the valves were hold open (no control gas pressure was applied), as shown in figure 3 , the water flow rate in fluid channel was linearly increased with the increase of the applied driving pressure, and the wider the channel the higher the flow rate. Within the tested pressure range, the highest flow rate obtained was 6.4 μl min −1 for valve A, 18.6 μl min −1 for valve B and 30.9 μl min −1 for valve C. Under these conditions, no leakage occurred in all the three chips. When a 0.20 MPa gas pressure was applied to the control channel of each valve, no water was observed flowing through the fluid channel Figure 3 . Flow rate of water passed through the microvalve while an upstream fluid pressure was applied to the water. The actuating membrane area of the pneumatic valve was 100 μm × 100 μm for (a) and (a'), 200 μm × 200 μm for (b) and (b') and 300 μm × 300 μm for (c) and (c'). (a), (b), (c) no controlling gas was applied; (a'), (b'), (c') a controlling gas pressure of 0.20 MPa was applied.
(i.e. the valves were fully closed) unless the driving pressure applied to the water was greater than 0.09 MPa for valve A, 0.12 MPa for valve B and 0.14 MPa for valve C. It can be concluded that the valve with larger acting area could be kept in closed status against relatively higher fluid pressure. This can be explained as follows. To close a valve, the control gas pressure should counteract not only the fluid pressure but also the elastic force generated by the deformed membrane. The deformation degree 3 of the PDMS membrane covering a narrow channel is larger than that covering on a wide channel if both the wide and narrow channels have the same depth. Thus, more fraction of the gas pressure is required by the valve constructed on narrower channel to counteract the elastic force generated by the deformed PDMS membrane, consequently, to keep the valve closed. As a result, the fraction of gas pressure contributed to counteract the fluid pressure reduced. This deduction can be further confirmed by figure 4 where the maximum fluid pressures the closed valves can tolerate are plotted against the control gas pressure. When fluid pressure approached to zero, the minimum gas pressure required to close the valves was about 0.10 MPa for valve A, 0.08 MPa for valve B and 0.06 MPa for valve C. When the control pressure was higher than the minimum pressure, a roughly linear relationship was obtained between the control gas pressure and the maximum tolerated fluid pressure for all the three chips. With the data presented in figure 4 , the minimum gas pressure required by these valves to effectively manipulate a fluid driven by a known forward pressure can be estimated. 
Micro flow injection chemiluminescence determination of hydrogen peroxide.
A microfluidic chip with four integrated pneumatic valves was designed and fabricated for micro flow injection chemiluminescence determination of hydrogen peroxide (Li et al 2010) . The layout of the microchip channel network is illustrated in figure 6(a) . The four pneumatic valves composed a unit of sample loading and injection, the sampling volume was about 4 nl. When working, valves in group A (V1 and V2) and those in group B (V3 and V4) were operated in opposite phases of open/closed status. Firstly, the group A valves were open while group B closed, the sample containing potassium ferricyanide (catalyst) and H 2 O 2 (analyte) was driven to pass the sampling loop L and stored therein. Then, group A valves were closed while group B open, the carrier solution containing luminol (chemiluminascence agent) and sodium carbonate buffer delivered the sample band passing the reaction coil R1 where the reagent (luminol) and analyte (H 2 O 2 ) were mixed and reacted under the catalysis of the ferricyanide anions, forming the chemiluminascence species, 3-aminophthalate, which emitted lights. The chemiluminescence was detected by a photomultiplier tube (PMT) (CR114, Hamamatsu, Beijing, China) located underneath the serpentine reaction channel (the yellow-highlighted area in figure 6(a) represents the position of the PMT window). The PMT-generated electrical signals were recorded with a data acquisition card (USB-6008, National Instruments, USA) and processed by a program written with LabVIEW (National Instruments, USA). During operation, a 0.20 MPa control pressure was dispensed to the valves via a computer-controlled solenoid valve array. Figure 6 (b) shows a typical recorded signal trace obtained with 11 consecutive injections of a 1.00 mmol l −1 H 2 O 2 standard solution. The precision in peak height for the 11 consecutive runs was 0.9% in relative standard deviation (RSD), which was comparable to that (0.6%) Li et al reported for chipbased micro flow injection chemiluminascence analysis with thermo-actuated micro valves (Li et al 2010) and that (1.4%) reported for conventional flow injection chemiluminascence . The precision of the signals obtained with change of the fluid half was examined (the control half remained unchanged). The inter-fluid-half RSD for the determination of 1.00 mmol l −1 H 2 O 2 was 5.3% (n = 5), demonstrating the feasibility of disposable use of the fluid half.
Conclusions
The recommend method is facile and reliable to fabricate normally open pneumatic microvalves in PMMA microfluidic chips with the four-layer architecture of PMMA-PDMS · · · PDMS-PMMA. The irreversible bonding between rigid PMMA substrate and elastic PDMS membrane can greatly increase the bonding strength of the control half and fluid half to survive the high pressures, consequently, enhance the reliability of the valves. The reversible sealing of the two halves makes it easy to assemble the chips with rigid plastic substrates, and allows the fluid and control halves to be individually replaced. Thus, it would be practical to use the fluid halves in disposable manner while repeatedly use the control half in routine chemical and biochemical analysis, leading to significantly decrease in the analytical time and cost. Such a four-layer microfluidic chip with a disposable fluid half for heterogeneous immunoassay is currently under developing in our research group. 
